INTRODUCTION {#sec1-1}
============

The impression of open surgery is characteristically that of prolonged painful recuperative periods with long scars. This has been transformed to more acceptable painless, cosmetically satisfying surgery with a short hospital stay due to the advent of operative laparoscopy.\[[@ref1][@ref2]\] This has been achieved at the expense of surgeons' discomfort and fatigue. Work-related musculoskeletal disorders (WRMSDs) are being considered as an important health issue among surgeons performing minimally invasive surgeries (MISs), especially laparoscopic procedures.\[[@ref3][@ref4][@ref5][@ref6][@ref7]\] Inadequate understanding of physical ergonomics, ergonomically deficient design of laparoscopic instruments and increased technological complexity have been cited as possible causes.\[[@ref5][@ref6][@ref8]\]

Hence, ergonomic assessments to identify risk factors of WRMSDs are being increasingly researched. Laboratory research is prevalent in this field, frequently conducted in simulated environment using box trainers or other models. Suturing\[[@ref9][@ref10][@ref11][@ref12][@ref13][@ref14][@ref15]\] and tying of knots\[[@ref16][@ref17][@ref18][@ref19][@ref20]\] have been the most commonly tested laparoscopic manipulation tasks utilised for assessing muscle activity, fatigue, task accuracy, pattern of joint movements, etc. The above-mentioned tasks, although very important for the performance of a successful surgery, occupy only a small percentage of the total surgical time. There is a limitation to generalise the applicability of the results of aforementioned tasks in surgical ergonomics. Moreover, there is a dearth of ergonomic assessment studies analysing the important components such as dissection and exposure retraction. Hence, in this study, we selected a basic, simulated, surgical protocol which incorporated tasks such as tissue dissection, exposing, retraction, clipping and suction with a surgical flow mimicking a real case scenario.

The main purpose of this study was to conduct an ergonomic analysis of experienced and novice surgeons while performing a simulated laparoscopic cholecystectomy. We aimed to assess and report the cumulative ergonomic risk to the spine and the wrist during a procedure incorporating surgical flow as this may incorporate more natural movement patterns utilised by the surgeon. Furthermore, the movements that occurred during task transition would be included in the final risk analysis. Other purpose of this analysis was to analyse whether any difference exists in ergonomic between the experienced and novice surgeons.

METHODOLOGY {#sec1-2}
===========

Thirty-six right-handed laparoscopic surgeons were included in the study after obtaining informed consent. Participants were divided into two groups according to the level of laparoscopic surgical experience: Experts (*n* = 16) and novices (*n* = 16). The expert group included the surgeons who were practising laparoscopic procedures for at least a minimum of 3 years and the novice group consisted of surgeons and residents who had no previous laparoscopic surgical experience else than observation of laparoscopic surgeries. The demographic characteristics of the participating surgeons are given in [Table 1](#T1){ref-type="table"}.

###### 

Demographic characteristics of the participating surgeons
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The simulated cholecystectomy was performed on LapVR simulator (CAE care manufacturer). In this virtual reality surgical simulator, there are three input portals, i.e. two trocars and one camera and a screen to visualise the procedure \[[Figure 1](#F1){ref-type="fig"}\]. Both right- and left-hand controls of the trocars were ring-handled. The procedure was selected at a basic level for aiding the completion by the novice surgeon. Training session for familiarising with the surgical simulator controls was provided for the surgeons participating in the study. The height of the monitor and the trocars was fixed during all procedures in this study. The working height and dimension of the simulator monitor and trocar were as follows:

![LapVR surgical simulator](JMAS-13-124-g002){#F1}

Monitor screen height from the ground - 168.5 cmMonitor screen width - 56 cmHeight of the trocars from the ground - 108 cm.

A common surgical procedure was performed by the surgeons in both groups which comprised the three main tasks mentioned below.

Task 1: Exposure of the gallbladder and dissection of adhesionsTask 2: Clipping and division of cystic structuresTask 3: Mobilisation and removal of the gallbladder.

At the end of the simulation task, the performance measures and dexterity were displayed on the simulator screen as a compiled report. The motion analysis data and rapid upper limb assessment (RULA) were used to estimate the surgeons' ergonomics. Performance score was computed based on metric evaluation system report on the simulator. The details of the outcome measures are discussed below.

Metrics evaluation system available on the simulation equipment {#sec2-1}
---------------------------------------------------------------

\(a\) Time required to complete the procedure and whether the designated time was exceeded. (b) Proficiency was tested on analysis of items such as the total blood loss during the procedure, a number of clips dropped and used. There were 25 components on performance measures for which each surgeon was given a positive marking once the criteria were met. (c) Dexterity was analysed on the basis of total path length of the left and right hand during the procedure.

Objective record of wrist joint and spinal movements with the help of movement analysis system and software {#sec2-2}
-----------------------------------------------------------------------------------------------------------

Noraxon\'s three-dimensional (3D) Myomotion analysis system consists of a set of sensors using inertial sensor technology \[[Figure 2](#F2){ref-type="fig"}\]. Based on fusion algorithms, the information from a 3D accelerometer, gyroscope and magnetometer is used to measure the 3D rotation angles of each sensor in absolute space. Noraxon\'s system software converts the quaternion data into anatomical angles using a rigid body model.

![Noraxon myomotion inertial measurement unit sensors and display screen](JMAS-13-124-g003){#F2}

The motion sensors were attached to the following sites:

ForeheadThoracic spine - T~1~ ( first thoracic) vertebraLumbar spine - S~2~ (second sacral) levelMid-forearm - strapped on both left and right forearmsHand - strapped around the dorsal aspect of the hand (both left and right side).

The data from the software, the movement of the cervical and thoracolumbar (TL) spine, are computed in all three dimensions, namely, sagittal, coronal and transverse planes and movement of the wrist in the sagittal and coronal planes. At the cervical and TL spine flexion, the right side rotation and lateral flexion are displayed as positive, and at extension, the left side rotation and lateral flexion are designated negative signs. Similarly, the wrist extension and radial deviation (RD) are designated positive and wrist flexion and ulnar deviation (UD) with negative signs. For example, −30° in the sagittal plane means 30° of extension and +30° means 30° of flexion. Accordingly, the joint movement values are assigned positive or negative signs \[Tables [2](#T2){ref-type="table"} and [3](#T3){ref-type="table"}\]. The motion analysis data were measured through the entire simulated procedure. The maximum angles in each direction were computed and used for comparison between the groups.

###### 

Maximum excursion of the cervical and thoracolumbar spine
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###### 

Maximum excursion of the wrist joint
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Observational record of upper limb posture and risk assessment on rapid upper limb assessment scale {#sec2-3}
---------------------------------------------------------------------------------------------------

The RULA scale is a tool which helps draw conclusion on ergonomic risks related to an occupational task. The RULA is divided into components such as upper arm, lower arm, wrist, neck, trunk and leg. The positions of the upper arm, lower arm and wrist are grouped together which give out a score, that is, clubbed alongside the similar score formed by the neck, trunk and leg. The two scores are looked up in a table consisting values which indicate risk. Based on the outcomes of the score, further investigations and ergonomic changes can be decided.\[[@ref21]\]

1 or 2 = Acceptable posture3 or 4 = Further investigation, change may be needed5 or 6 = Further investigation, change soon7 = Investigate and implement change.

RESULTS {#sec1-3}
=======

The data of the maximum cervical and TL movement excursion \[[Table 2](#T2){ref-type="table"}\], wrist movement excursion \[[Table 3](#T3){ref-type="table"}\], RULA scores \[[Table 4](#T4){ref-type="table"}\] and performance scores \[[Table 5](#T5){ref-type="table"}\] obtained during the simulated cholecystectomy was statistically compared between the novice and experienced surgeons. *P* \< 0.05 was considered statistically significant.

###### 

Comparison of rapid upper limb assessment scores
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###### 

Comparison of performance and dexterity scores
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Objective movement analysis data {#sec2-4}
--------------------------------

During the simulated surgery, myomotion system-generated data of the cervical spine movements indicate that the maximum cervical flexion and the right side rotation were higher in novice whereas the right lateral flexion was higher in experienced surgeons.

The results of the TL spine indicate that the novice showed more right TL rotation and the experienced surgeons showed more left TL rotation when maximum angles were compared. The other movement values were not different between the groups.

The results of motion analysis indicate the high left wrist flexion angles adopted by the surgeons, i.e., maximum angles \>45° with concomitant RD. At the right wrist joint (WJ) too, maximum angles of \>50° flexion and concomitant RD or UD were recorded in the sagittal and coronal plane. On comparison, there were no differences in the maximum angles of both left and right WJs between the experienced and novice surgeons.

Rapid upper limb analysis scores {#sec2-5}
--------------------------------

The result of the RULA score indicates that there is a high postural risk during this surgical procedure. Although the RULA scores were higher in the novice surgeons, the difference was not statistically significant.

Performance and dexterity measures {#sec2-6}
----------------------------------

For comparing path length, unpaired *t*-test was used whereas Mann--Whitney U test statistic was used to compare performance measures. The performance score was higher in the experienced group; however, the difference was not statistically significant.

DISCUSSION {#sec1-4}
==========

The primary objective of this study was to assess the ergonomics in the novice and experienced surgeons during a simulated laparoscopic cholecystectomy, and the secondary objective was to compare them for any differences in ergonomics. We studied the spinal and wrist postures during a simulated cholecystectomy using objective motion analysis.

Spinal ergonomic analysis {#sec2-7}
-------------------------

Our study findings confirm that the surgeons' head posture depends on the orientation of the monitor at the operation theatre as has been reported in other studies.\[[@ref22][@ref23]\]

In our study, most of the surgeons adopted neck extension posture during the simulated surgery, which they attributed to either screen height or habitual neck postures. The novice had higher maximum excursions into flexion and rotation which may be both due to limited visual cueing (loss of 3D visual perspective and limited peripheral vision due to limited viewing spectrum) and insufficient laparoscopic surgical experience. However, the reason for the higher maximum lateral flexion in the experienced surgeons remains inexplicable.

Overall, there was ergonomically acceptable upright TL posture adopted by the surgeons during the simulated surgery. Our study results support the findings of Berguer *et al*. which state that although the posture of the surgeon is more upright during laparoscopy, it seems to be accompanied by substantially less body movement and weight shifting than during open surgery.\[[@ref24]\] This situation could account for increased static postural fatigue as the operation lasts for minimum period of 60 min and can extend to a couple of hours. Sjøgaard *et al*.\[[@ref25]\] have revealed that even relatively low levels (5% of maximum voluntary contraction \[MVC\]) of muscle contraction, if sustained for an hour, can lead to muscle fatigue. Jonsson *et al*.\[[@ref26]\] have suggested that the static muscle contraction should not exceed 5% of MVC for tasks of prolonged duration. The probable reason for this as elucidated by Sjogaard\[[@ref27]\] could be that during low-level contractions, the muscle can maintain homoeostasis with respect to energy turnover but not with respect to intracellular/extracellular potassium concentration. This potassium imbalance may well play a role in the muscle fatigue. The static trunk posture could be one of the reasons that increase the risk of musculoskeletal problems and pain in minimal access surgeons.

When compared, there were no statistically significant differences in the maximum ranges between the experienced and novice surgeons except in TL rotation. The reason for higher right side TL rotation in novice could be due to their incorrect starting position. Their entire body was rotated to the left due to the inappropriate feet placement, due to which there was a compensatory right side neck and trunk rotation.

Neck and trunk rapid upper limb assessment {#sec2-8}
------------------------------------------

In our study, no surgeon scored in an acceptable range of 1--2 on the neck and trunk RULA. Fifteen surgeons scored 3--4 on the RULA whereas 17 surgeons scored more than 5.

Although the TL spine was in near neutral postures, the positions adopted by the cervical spine scores increased the RULA scores during the simulated surgery. The surgeons who scored high on the RULA (\>5) had adopted cervical extension along with rotation and lateral flexion. The surgeons who scored lower on the RULA (3 or 4) had adopted either near neutral postures of the cervical spine or lesser degrees of flexion during the surgery. Inappropriate monitor position, limited ergonomic awareness and habitual extension and lateral flexion postures adopted during the simulation surgery, culminated to the high neck and trunk RULA scores in both groups. Hence, there was no statistically significant difference between the groups on neck and trunk RULA.

These findings further strengthen the existing body of evidence which indicates that the monitor position can greatly influence the adoption of wrong postures of the neck. The static TL posture adds to the musculoskeletal risk at the spine in both novice and experienced surgeons.

Wrist and hand ergonomic analysis {#sec2-9}
---------------------------------

The role of the left upper extremity is predominantly to hold and manoeuvre the tissue which had to be operated on. The typical trend observed in both experienced and novice surgeons at the left wrist was flexion \>45° with radial angular deviation. The RD was a result of the handle design of the ring handle grasper. However, at higher wrist flexion angles, the wrist was positioned in either neutral or UD \[[Figure 3](#F3){ref-type="fig"}\].

![The right and left wrist awkward position while using ring-handled instrument during the simulated surgery](JMAS-13-124-g008){#F3}

The right upper extremity had to function to manoeuvre the different instruments (Maryland dissector, clip applicator, endoscopic shear, L-hook electrocautery and suction) for various tasks of the simulated surgery.

In our study, the maximum right wrist flexion was above 50° in both experienced and novice surgeons. The frequently adopted wrist position in the frontal plane was of UD \[[Figure 3](#F3){ref-type="fig"}\], with intermittent RD. There were periodic changes in position of the right wrist in both sagittal and frontal plane while performing tasks such as dissection, clipping and cauterisation. The demand on the right wrist and hand was movement predominated.

No surgeon in both experienced and novice group adopted a neutral wrist posture. When we compared maximum right and left wrist excursions, there was no significant difference between the experienced and novice surgeons.

Adopting wrist flexion posture during surgery can be unfavourable for the surgeon. There is a reduction in grip strength as well as an increase in the carpal tunnel pressure with wrist in flexed posture. Keir *et al*. had revealed that the hydrostatic pressure in the carpal tunnel was found to be affected by both wrist posture and tendon load. Muscular loading elevated carpal tunnel pressure, particularly the loading of palmaris longus with the wrist in extension and the digital flexors with the wrist flexed. Correspondingly, the local contact forces by the digital flexors indicated the highest loads on the median nerve with the wrist flexed. Anteriorly positioned nerves were flattened in the anteroposterior plane between the tendon and flexor retinaculum; this was greatest with flexion and least with extension.\[[@ref28]\] Furthermore, maximum grip efficiency has been reported in 20--35° of extension and relatively low angles (5--7°) of UD by other researchers.\[[@ref29][@ref30]\] Hence, in light of the aforementioned reasons, the high wrist flexion angles occurring during laparoscopic surgeries should be reduced by novel ergonomic handle designs.

Matern *et al*. have discussed earlier that a drawback of MIS handles is their deviation from the longitudinal axis of the forearm, which causes uncomfortable UD and RD of the wrist and requires large-scale arm movements for simple instrument rotation along the longitudinal axis.\[[@ref31]\] Many previous studies have highlighted on sagittal plane angles (flexion and extension) at the wrist. However, a limited number of studies\[[@ref32][@ref33][@ref34]\] have emphasised on frontal plane movements (wrist RD/UD) during laparoscopic procedures. Although UD has been more commonly reported, occurrence of RD during laparoscopic procedures has also been mentioned in previous research.\[[@ref35][@ref36]\] Nguyen *et al*. have reported that at the upper extremity, there are more wrist supination and wrist UD and RD during a laparoscopic procedure as compared to open surgery.\[[@ref36]\]

Furthermore, the method utilised in previous research more commonly was video analysis.\[[@ref35][@ref36]\] During video analysis, if the camera is not aligned well or the participant under study changes his/her position with respect to the camera, some movements and the precise degree to which they occur can be overlooked. Since the accelerometer sensor used in this study is attached to the forearm and hand, even with a change in upper limb position, the angular movements are recorded with sufficient precision at the wrist.

Although higher flexion angles and UD predominate, the presence of RD cannot be ignored. Furthermore, RD can cause a reduction in the grip force and add to the mechanical inefficiency.\[[@ref37]\]

In our study, the wrist RULA score was high, i.e., 4, for majority of the surgeons (25 on the left and 29 on the right side), with few surgeons (7 surgeons on the left and 3 on the right side) scoring 3. There was no difference in mean RULA scores between the experienced and novice groups. The results of our study support the findings of Sánchez-Margallo *et al*., which indicate that the previous laparoscopic experience has no favourable effect while using ring-handled instrument. The RULA score results of their study suggest that all study surgeons adopt an inadequate position of the wrist associated with a marked hyperflexion of this joint.\[[@ref38]\] They computed the RULA scores for the risk based on sagittal plane deviations (i.e., flexion-extension). In our study, we included the WJ deflections in the both sagittal and frontal planes to compute wrist RULA.

The surgeons in our study performed the simulated surgical procedure with ring-handled instrument handles in both hands. In biomechanical terms, these elongated instruments increase the leverage of the load arm leading to greater angles of wrist deviations in the sagittal and coronal plane. This leads to an increased postural stress at the WJ and may contribute to wrist and hand pain. Previous research indicates that ring handled instruments are less preferred due to the awkward wrist position imposed by them, when compared to axial handled instruments.\[[@ref39]\]

Berguer *et al*. compared the muscle tension (surface electromyography) caused by two different grasping modalities during the use of ring-handled laparoscopic scissors, showing that it is beneficial to use larger palm support instead of introducing the thumb through the rings of the handle.\[[@ref40]\] In our study, we observed that all the surgeons placed their fingers through the rings in the scissors' handle contrary to Berguer\'s recommendations, with the exception of one surgeon who used palmar grasp on the left hand to hold the ring-handled instrument. This reflects the fact that reported ergonomic guidelines are usually ignored by operating laparoscopic surgeons, similarly to evidence reported by Wauben *et al*. in their study.\[[@ref41]\]

In comparison to previous research, we did not find any statistically significant difference in performance measures between the experienced and novice surgeons \[[Table 5](#T5){ref-type="table"}\]. The probable reason for this could be because basic level surgery was chosen for comparison; as well, to the goal-oriented task, nature of the surgical task could have led to greater motivation for task completion in the novice surgeons.

CONCLUSION {#sec1-5}
==========

An objective analysis of the wrist shows that both expert and novice surgeons adopt disadvantageous postures of both right and left wrists while using axial-handled instruments on the simulator. Hence, there is an impeding need for revision in the handle design. The spinal analysis indicates that the monitor position greatly influences the neck posture, and predominantly static postures are adopted at the TL spine.

We conclude that ergonomic inadequacies can lead to the physical postural risk, during the minimally invasive surgical procedure in both experienced and novice surgeons.
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